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Abstract
The main objective of this research is to identify how the strength of drilled shafts is
affected by the use of various types of drill slurry. When concrete is placed in drilled shafts it flows
out radially and a laitance interface forms creating a crease on the backside of the reinforcement
cage due to the laitance trapped in concrete flowing around the rebar. This can cause concrete to
not fully encapsulate the steel making the shafts prone to corrosion and the strength of the cover
concrete is locally reduced. Over the past 9 years 58, 42-inch diameter shafts have been cast and
evaluated using electrical surface potential measurements, surface roughness, rebar pullout
resistance, and strength variation from inside to outside the reinforcing cage. The different types
of slurry used to cast the shafts included polymer, water, attapulgite and bentonite; polymer and
bentonite slurries showed a marked reduction in quality, and strength. This study is the fourth in
the series and will evaluate 51 of the previously cast shafts with respect to the strength of concrete
to better define the effects of slurry type selection on shaft failure envelopes.
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Chapter 1: Introduction
Drilling fluid is utilized in shaft excavations when specific construction methods are
implemented, i.e., the wet and casing methods. In these cases, drilling fluid is kept higher than the
water table surrounding the excavation. The drilling fluid exerts a positive hydrostatic pressure
directed outward into the soil walls to avert excavation collapse. In the presence of certain soils
(e.g., sandstone, clay, and cemented sand), water can be used as a drilling fluid. More commonly,
drilling fluid is a slurry formed by mixing water with natural clay minerals or polymers.
As concrete flows out of the tremie pipe during placement, it reacts with the displaced
drilling fluid forming a laitance interface. As concrete flows up from within the steel reinforcing
cage, it also flows out radially in the direction of the cover region and forms a crease (Figure 1.1)
on the backside of the reinforcement cage, trapping the laitance around the rebar. This can cause
concrete to not fully encapsulate the steel, making the shafts prone to corrosion and locally
reducing the strength of the concrete cover. Traditionally, the strength capacity of drilled shafts
has been analyzed using the core strength of the shaft, assuming it is equivalent throughout the
entire cross-section of the shaft. Using the different types of drilled fluid, the strength of concrete
is less in the cover region when compared with the core strength of the shaft. These reductions in
cover concrete strength affect the axial and bending capacity, especially the interaction diagram of
the circular concrete cross section.
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Figure 1.1 Concrete flowing out radially and forming creases
This study aims to analyze the strength of 51, 42-inch diameter test drilled shafts cast using
different types of drilling fluid. This study was implemented by obtaining a strength profile
through the depth of the shafts on the three previously discussed locations, i.e., crease, cover, and
core.
1.1 Objective Statement
The objectives of this research are: (1) to find how much the strength of concrete changes
in the crease and the cover region compared with the core region, and (2) to use the real strength
of concrete at different locations on a shaft cross-section for shafts cast with a different type of
slurry (i.e., water, bentonite, and polymer) to develop interaction diagrams for shafts the same size
as the specimens. These diagrams are then compared with the respective diagram designed using
the core strength of the shafts assuming no degradation in cover concrete strength (dry casting
condition). The outcomes will be presented by type of drilling fluid: Water, Bentonite, and
Polymer.
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1.2 Organization of Thesis
The organization of this thesis consists of five chapters.
Chapter two provides a literature review defining deep foundations and their use, precisely
drilled shafts. This chapter also describes construction methods, different types of slurries,
particularly the ones discussed in this thesis (i.e., water, bentonite, and polymer), the purpose of
reinforcement cages, the process of cage placement, concrete placement, and the required
characteristics of the concrete mix. To conclude, this chapter addresses how concrete flows
through the reinforcement cage within the excavation and the effect different types of drilling fluid
have on the durability of drilled shafts.
Chapter three defines the testing procedures applied to collect the data used in this study.
This chapter also describes each component of the machine used to perform and record the coring
parameters, along with every aspect of the operation process and all the parameters recorded.
Chapter four provides a brief description and explanation of the specific energy and its role
in concrete strength determination while drilling through concrete. This chapter also describes the
process of obtaining and testing 4-inch diameter cores taken from the interior/core of each of the
shafts analyzed to verify the compressive strength obtained from the coring machine.
Chapter five summarizes the results and analyses pertinent to this study. This chapter also
shows the implications of the obtained results on a shaft interaction diagram (design strength), the
result and statistical analysis for comparing the strength obtained from the coring machine and the
strength obtained from the compression test, and future analysis that could better describe the
phenomenon studied on this research.
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Chapter 2: Literature Review
2.1 Deep Foundations
Foundations have been around since ancient times; Romans implemented piles on their
bridge foundations, and oak piles also supported the Winchester Cathedral. It was not until the
industrial revolution that larger structures (e.g., buildings and bridges) emerged and the
requirement to withstand a more significant amount of load came with them. Thus, forcing pioneer
engineers to develop caissons and piers (Koerner, 1984). Nowadays, deep foundations are
designed to support and transfer large amounts of bending moments, vertical and horizontal loads
through unsuitable weak soil to stronger soils or layers of rock. These loads and moments result
from wind loads, live loads, dead loads, seismic loads, and vessel impact. There are different types
of deep foundation elements, e.g., bored piles, driven piles, and micro-piles, but this study focuses
entirely on drilled shafts, a subset of bored piles.
2.2 Drilled Shafts
Along with driven piles, drilled shafts are one of the most frequently used elements for
deep foundations, and they are generally described as “cylindrical, cast-in-place concrete deep
foundations poured into and formed by a bored excavation” (Mullins D. G., 2014). Typically,
drilled shafts have a diameter of 2.5 ft or larger, and on most occasions, they are designed with a
steel reinforcement cage (Figure 2.1) and a length that could reach 300 ft or longer. Drilled shaft
foundations are used in situations where shallow foundations cannot withstand the surface loads.
Also, when ground vibration from driving piles might damage adjacent structures, drilled shafts
are a safe option since there is far less vibration during their construction. The base of drilled shafts
4

can be enlarged (i.e., “belling”), which gives them excellent resistance to uplifting loads, but
certainly one of the most significant benefits of drilled shafts is their capacity to support huge
lateral loads.

Figure 2.1 Steel reinforcement cage placement of drilled shaft used in the foundation of USF
Genshaft Honors College
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2.3 Construction Methods
Drilled shafts are constructed in three basic steps: excavate the hole, install full length
reinforcing steel, and place concrete. Excavation methods for drilled shafts are categorized by the
mechanism(s) that maintain a stable hole: the casing method, the dry method, and the wet method.
Selection of the excavation method depends on ground conditions at the construction site.
The casing method of construction uses a full depth, large diameter steel shell where the
wall thickness can be 0.5 to 2.0 inches thick; the casing can be permanent or temporary where it
is removed after concreting is completed. This method is used where ground conditions are prone
to caving into the excavation during excavation. A shorter surface casing (8 to 10 ft long) can also
be used for the next two methods to maintain stability for near surface soil and provide a safe work
environment where a portion of the casing extends above ground. The dry method of construction
is appropriate in ground conditions described as layers of rock or stiff clay above the water table
where the bored hole will not collapse after it is drilled. Like the casing method, the wet method
of construction can be used in collapsible soils especially when the groundwater level is within the
excavation elevation limits. According to the nature of this research, only the wet method of
construction will be further described.
2.3.1 Wet Method of Construction
The wet method of construction is also known as the slurry method. The implementation
of this method is required when the drilling excavation is below the groundwater table. Also, when
the shaft is cast in sandy soils where the excavation is prone to collapse. In these situations, drilling
fluid is kept at a minimum elevation higher than the groundwater table (i.e., 5 ft above groundwater
table if using mineral or synthetic slurry) to keep a positive hydrostatic pressure and prevent the
excavation walls from collapsing inward. (FHWA, 2010) Usually, this construction method would
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require an initial (surface) casing extending above the ground surface to provide additional slurry
head (Figure 2.2) but with the necessary depth to provide near surface stabilization to the
excavation. Following the finalization of the excavation, the reinforcing cage is placed (Figure
2.1) and the concrete is placed using a tremie pipe. The tremie pipe is transferred to the base of the
excavation kept at the center of the shaft and concrete begins to be pumped (Figure 2.3). Ideally,
the concrete would flow upwards and radially towards the cover region and completely displace
the drilling fluid.

Figure 2.2 Drilling equipment and use of surface casing on wet construction site
7

2.4 Excavation
Rotary methods of excavation are the most used method for drilled shaft excavation. The
drilling equipment is usually attached to a truck (Figure 2.2) and its size may vary depending on
the width of the drilled shaft. The drilling rig capacity is mainly expressed by torque and crowd,
which are transferred from the drilling rig to the drilling tool through the Kelly bar (FHWA, 1999).
During wet construction, the initial surface casing is installed immediately after a few feet
of excavation has been completed and soil is back filled / packed around the casing to stabilize it.
The casing is filled with drilling fluid prior to reach the bottom of casing depth and drilling fluid
is constantly added in order to keep an elevation higher than the groundwater table. This allows
the drilling fluid to stabilize the walls of the shaft excavation, avoids seepage of groundwater into
the excavation, and provides enough cohesion to the soil (even if it is sandy) to help the soil cling
to the auger as it is removed.
2.5 Drilling Fluids
Drilling fluid is a crucial component during the drilling process. Among other advantages,
it provides mechanical stability to the borehole during the drilling operations. Once the drilling
fluid is in the borehole, it provides hydrostatic pressure in the direction of the excavation walls.
This prevents groundwater seepage into the borehole and the collapse of the excavation walls.
Another advantage of drilling fluid is its capacity to remove drilling cuttings from the excavation.
This will depend on the velocity at which the fluid travels, size, shape, and weight of the cutting,
and the carrying capacity of the fluid. When drilling considerably deep foundations, a significant
amount of heat can be caused by the auger rotation at the cutting edges. Under these circumstances,
the drilling fluid acts as a coolant dissipating the heat from the bit (Baker Hughes, 2006). Drilling
fluids can be categorized by natural, mineral, and synthetic.
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2.5.1 Natural Slurries (Water)
Natural slurry is simply water, it can be seawater, groundwater, or lake water. This type of
slurry is effective in soils like sandstone, clay, and cemented sand (FHWA, 2010) or cohesive soils
where the excavation will not collapse or erode when in contact with water. Natural slurry is
present when full length temporary casings are used instead of slurry for high ground water
conditions, water should be pumped in instead of allowing the water to fill from the bottom of the
casing. Natural slurry is the by-product of groundwater mixing with the soil cuttings when the
casing method of construction is used.
2.5.2 Mineral Slurries (Bentonite)
Mineral slurry results from a proper mix of water and clay minerals (e.g., bentonite or
attapulgite). The mixture (ranging from 0.5 to 1.0 lbs/gal) outcome is a suspension of the clay
solids within the water. When placed into the excavation, this mixture forms a filter cake, which
performs as a coating on the excavation walls. Always maintaining a head differential of 4-6 ft
above the piezometric surface of the formation exerts a positive hydrostatic pressure against the
filter cake coat and borehole or excavation walls. Thus, providing excavation stability.
2.5.3 Synthetic Slurries (Polymers)
Synthetic slurry is a mixture made of man-made, highly-engineered polymers and water.
Mix ratios vary by manufacturer but are often 100 times less than mineral slurry, or 0.5 to 2.0 lbs
per 100 gallons. The polymer slurry form long strands and/or a lattice interface that acts as a
membrane on the excavation wall. It does not form a filter cake and does not stop the inward flow
of slurry into the surrounding soil; it does however drastically slow the seepage rate. A 6-8 ft head
differential above the piezometric surface of the formation should always be maintained. The head
differential develops a positive hydrostatic pressure that exerts against the excavation walls as the
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polymer and soil particles create a quasi-cohesive binding effect, which improves the stability of
the shaft excavation.
2.5.4 Slurry Testing
The suitability of mineral or polymer slurries to maintain excavation stability is determined
by the fluid viscosity which measured with a Marsh funnel (API, 2009). Slurry is premixed and
must be within specified limits prior to use. Mineral slurry viscosity must be between 30 and 50
sec/qt depending on the state; polymer slurry viscosity varies by manufacturer but ranges between
35 and 60 sec/qt for silts and clay or 60 to 120 sec/qt for sands. In general, the coarser the soil
grains (more pervious) the higher the viscosity.
The drilling process will release soil cuttings into the slurry which both increases the fluid
density and the amount of suspended soils called sand content. Density and sand content must be
within specified limits at the time of concreting to ensure the slurry is clean enough and will not
drop out sand into the concrete. The sand content and density test methods are also standardized
by the American Petroleum Institute with the Federal Highway Administration, National Highway
Institute, and the Florida Department of Transportation. Generally, sand content must be below
4% by volume for mineral slurry and below 1% for polymer slurry. Density limits typically range
between 63 to 64 pcf for polymer and 70.5 to 75 pcf for bentonite depending on the state (Mullins
& Winters, 2014).
2.6 Reinforcement Cage
Reinforcement cages are designed to withstand stresses that result from the surface loads
applied. Thus, it is crucial the geometry of the cage, and the amount of steel is sufficient to support
the required stresses. Also, the longitudinal rebars and the stirrup must have adequate spacing to
provide adequate proper concrete flow. The rebar cage placement can sometimes be challenging,
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especially when it is a long and heavy cage. Cranes can be used to lift the rebar cage and place it
into the excavation (Figure 2.1). Careful attention is required during the placement of the cage.
According to the Federal Highway Administration (FHWA), with a minimum cover of 6 inches,
the reinforcement cage is allowed to be adjusted a maximum of 3 inches in any direction. FDOT
restricts the allow cage misalignment to 1.5 inches. Immediately after the reinforcement cage is
installed, concrete placement shall take place. The processes of concrete placement may vary
depending on the construction method implemented. Concrete placement during wet construction
method is described in the following section.
2.7 Concrete Placement
During concrete placement, it is important to keep adequate workability of concrete to
ensure a proper flow and displacement of concrete. A tremie is connected to the line of the pump
truck and placed to the bottom of the shaft excavation. The size of the inside diameter in the tremie
usually varies from 8 to 12 inches, depending on the diameter and depth of the shaft excavation.
Before concrete placing, an isolation mechanism should be set to prevent the contamination of
concrete. This is achieved by first, assuring the tremie is watertight, and second, sealing the bottom
of the tremie with a cover plate or inserting a traveling plug ahead of the concrete flow (FHWA,
2010). The tremie tip should stay at an elevation at least 10 ft below the concrete surface during
concreting. Before the concrete surface reaches 10 ft of elevation, the tremie should be maintained
close to the bottom of the excavation. Ideally, this will permit the concrete flow to be controlled
and develop a continuous concrete surface on the shaft excavation (Figure 2.4).
2.8 Concrete Mix and Quality
Concrete mix for drilled shaft must generate a necessary slump to properly fill the shaft
excavation and cause a lateral flow of concrete. This reestablishes the pressure on the excavation
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walls exerted by the displaced drilling fluid. Additionally, the mix must be able to self-consolidate
(i.e., consolidate under its weight) since the vibration of concrete in drilled shaft excavations is not
allowed. The aggregate must have a maximum size that allows the mix to freely flow through the
reinforcing cage. FHWA (1999) recommended the cage opening to be at least 3 to 5 times the
largest aggregate size; Deese (2004) noted 8 times the largest aggregate would promote the most
uniform flow of concrete into the cover region. For tighter cage spacing, a smaller coarse aggregate
can often be used to maintain a target aggregate to clear spacing ratio. The aggregates should be
distributed uniformly through the concrete mix without segregation or bleeding of water. This can
be reached by designing a concrete mix with high levels of cohesion. Durability is another crucial
aspect when developing a concrete mixture. Drilled shafts are often located in places where they
must resist exposure to harsh environments (e.g., marine environment, low pH soils, and soils with
low resistivity). Despite having the appropriate concrete cover on the reinforcement, the concrete
mix should provide low permeability to reduce the potential of rebar corrosion.

Figure 2.3 Drilling process for the wet method of construction (FHWA, 2010) (Public domain)
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2.9 Disputed Points
There have been various misconceptions about the concrete flow in shaft excavations, and
the effect that different types of drilling fluid have on the durability of drilled shafts. There are
different factors that are significant for the concrete to flow through the reinforcement cage, e.g.,
the maximum size of aggregate proportionate to the spacing of the longitudinal reinforcing and
concrete workability. Sometimes, consolidation procedures like vibration are implemented to
mitigate the spacing and workability concerns. However, vibration is not allowed in the
construction of drilled shafts. In theory, tremie poured concrete in wet excavations is generally
believed to flow uniformly. In reality, concrete does not maintain an evenly emerging level.
Instead, concrete builds up a head differential within the reinforcing cage until it creates enough
lateral pressure. Then, it begins to flow out radially through the reinforcing cage to the cover region
(Deese & Mullins , 2005) (Figure 2.4).

Figure 2.4 Idealized versus actual behavior of concrete flow (Deese G. , 2004)
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Rebar bond strength is another aspect that can be affected by drilling fluid. When the
concrete makes contact with the drilling fluid, it forms a laitance interface at the surfaces of
concrete comprised of a slurry/concrete mix. This interface is often only considered to form on the
top of the rising concrete which contains soil cuttings settling onto the rising concrete, but also
forms on the vertical faces flowing radially into the cover region (Figure 2.5). As concrete expands
through the excavation, the laitance interface has been shown to interfere with the natural bonding
process of the concrete and the rebar, resulting in a weaker rebar bond strength (Bowen, 2013)
(Costello, 2018).

Figure 2.5 Laitance interface and crease formation
As concrete flows out radially to the cover region, the laitance interface prevents concrete
from fully encapsulating the longitudinal and transverse rebar. Thus, creating a crease along the
orientation of the rebars (Figure 2.6). When these creases run all the way to the lateral surface of
drilled shafts, they emulate the reinforcing steel cage layout. This phenomenon is called
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mattressing (Costello, Mobley, & Mullins, 2018). As a result, this also affects the rebar bond
strength, and the creases formed compromise the permeability of concrete. This allows the
intrusion of other substances (e.g., oxygen, sulfates, or chloride). When these substances react with
the reinforcing steel, it corrodes; affecting the strength and durability of drilled shafts.

Figure 2.6 Mattressing on drilled shaft used on the field
Previous studies have shown that the use of slurry can affect the durability of drilled shaft
in different aspects. In 2013, Justin Bowen demonstrated that mineral slurry residue could be found
coating the reinforcing steel, and that higher viscosity levels caused more slurry to be trapped
around the rebar. His study also suggested that the rebar bond strength and the viscosity levels are
15

inversely proportional. In 2018, Costello concluded that polymer and bentonite slurry are more
unstable than natural slurry for the bond strength of the longitudinal reinforcing steel and
recommended the inclusion of a slurry modification factor to the then-current development length
equation. In 2019, Mobley showed that shafts cast in polymer and water slurries did not reveal
significant surface roughness from entrapped slurry products. However, drilled shafts cast in
polymer showed a fluctuation in corrosion protection that could not be associated with surface
roughness. Mobley also indicated that drilled shafts cast in bentonite slurry could show a severe
surface roughness which was attributed to trapping the bentonite clay between the concrete and
the simulated excavation walls or casing. Mobley also demonstrated a reduction in concrete
strength in the cover and crease regions when compared to the shaft core (inside the reinforcing
cage).
This thesis is a continuation of the strength profiling testing using the method developed
by Mobley and will quantify the strength distribution in 51 drilled shaft specimens used in the
previous studies to determine how concrete strength is affected by different types of drilling fluids.
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Chapter 3: Testing Procedure and Recorded Data
This chapter describes the testing approach and equipment used to collect the data needed
for this study. In addition to the thirty shaft specimens tested by Mobley in 2019, twenty-one more
shafts were tested using the same procedure and implementation. The data collected from both
studies will be analyzed in the following sections.

Figure 3.1 Shaft specimens (29 of 51 shown)

Shaft #
1
2
3
4
5
6
7
8
9
10

Table 3.1 Summary of all 51 shaft specimens
Concrete
Support fluid
Viscosity
Mix
Type
(sec/qt)
4KDS
PG Bentonite
44
4KDS
PG Bentonite
105
4KDS
PG Bentonite
40
4KDS
PG Bentonite
55
4KDS
PG Bentonite
90
4KDS
Water
26
4KDS
PG Bentonite
30
4KDS
PG Bentonite
40
4KDS
PG Bentonite
50
4KDS
PG Bentonite
90

Average Pullout
Strength (kips)
57.2
49.7
36.9
32.7
38.0
54.3
28.8
24.2
20.5
23.1
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Shaft #
11
12
13
14
15
16
17
18
19
20
21
22
23
24
26
27
28
29
31
32
33
36
37
38
39
40
41
43
45
46
47
48
49
50
51
53
54

Concrete
Mix
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
SCC
SCC
SCC
SCC
SCC
SCC
4KDS
4KDS
4KDS
4KDS
SCC
SCC
4KDS
SCC
SCC
4KDS
4KDS
4KDS
SCC
SCC
SCC
SCC
SCC
4KDS
4KDS

Table 3.1 (Continued)
Support fluid
Viscosity
Type
(sec/qt)
SP Polymer
65
SP Polymer
66
PG Bentonite
30
PG Bentonite
30
PG Bentonite
56
SP Polymer
85
SP Polymer
85
Water
26
KBI Polymer
63
KBI Polymer
121
PG Bentonite
42
Water
26
Water
26
PG Bentonite
40
Water
26
PG Bentonite
40
SP Polymer
90
SP Polymer
50
KBI Polymer
98
Water
26
PG Bentonite
39
KBI Polymer
47
Water
26
SP Polymer
55
PG Bentonite
73
PG Bentonite
41
PG Bentonite
28
PG Bentonite
37
PG Bentonite
37
Water
26
Water
26
PG Bentonite
39
PG Bentonite
31
SP Polymer
57
SP Polymer
90
Matrix Polymer
49
Matrix Polymer
58

Average Pullout
Strength (kips)
32.3
33.9
25.6
27.6
19.8
24.2
26.2
34.0
20.9
19.3
20.7
21.8
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
42.6
41.8
42.3
48.9
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
Not Tested
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Shaft #
55
56
57
58

Concrete
Mix
4KDS
4KDS
4KDS
4KDS

Table 3.1 (Continued)
Support fluid
Viscosity
Type
(sec/qt)
Matrix Polymer
120
Matrix Polymer
85
PG Bentonite
40
Water
26
PG Bentonite- CETCO Puregold Gel ©
SP Polymer – CETCO Shore Pac ®
KBI Polymer – SlurryPro® CDP ™
Matrix Polymer- Big Foot ®

Average Pullout
Strength (kips)
Not Tested
Not Tested
Not Tested
Not Tested

3.1 Instrumentation
The goal of the testing process was to obtain concrete strength profiles in the interior of the
reinforcing cage, on the crease formed behind the rebar in the cover region, and in a second
location in the cover region other than the crease. To obtain real-time concrete strength profiles on
the desired locations, a concrete penetrometer was devised. The concrete penetrometer comprises
various elements which can be easily found on a store shelf. Still, its innovation lies in the
concurrent data processing of different parameters and the computational conversions to the
concrete strength profile processed on-site. Another advantage is the ability to get strength profiles
on zones of a shaft cross-section where traditional coring machines cannot be installed. Thus,
locally strong and weak segments are often missed.
A concrete coring drill motor was equipped with a 1-inch inner diameter diamond tipped
core barrel. The result is a wet core drill where pneumatic pistons are manually controlled to either
lift or lower the core barrel with the desired crowd or extraction force. This concrete penetrometer
measures the instantaneous concrete strength from concrete coring resistance, with the main focus
of monitoring different parameters at an advancement rate.
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Figure 3.2 Illustration of the concept machine (Mobley, 2019)
The drill motor and the core barrel were mounted in a customized frame in which the
drilling process is controlled by two Parker 4MA, 24 in. stroke, 2.5 in. diameter, double-acting
pneumatic cylinders (Mobley, 2019). The combination of two air pressure regulators and the
pneumatic cylinders allows the user to take full control of the force applied. The pneumatic
cylinders use compressed air to act on the two pistons and generate a mechanical linear motion.
The air pressure regulators control airflow in one direction only, while allowing free airflow in the
opposite direction, this translates to the control of crowd and extraction force applied to the drill
motor and the core barrel. For the purpose of monitoring the specific force applied, a universal
joint was used to connect an Omega, LCCD-2K load cell with a 2000 lb capacity to the top of the
frame, and the drill motor.
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A Honeywell Model AB/HP 6 psi pressure transducer was installed to monitor the water
pressure. Water was used to wash out the debris from the tip of the core barrel and prevent the core
barrel from overheating. A Celesco SP2-50 stringline potentiometer displacement transducer with
a 50-inch range was implemented to record the depth of the core barrel tip at any time during the
drilling process. A BEI, H20 incremental rotary encoder mounted to a 2:1 ratio set of pulse wheels
was installed in the connection between the drill motor and the core barrel to measure the rotational
velocity (rpm). Torque was measured by installing two load cells, one on each vertical plate of the
frame at a known distance from the axis of the drill motor and core barrel.
While power can be determined by the product of the measured torque and rotational
velocity, the change in electrical power caused by drilling resistance and crowd force was also
monitored by a General Electric PQMII Power Quality Meter, which was fixed to the frame.
Voltage and current were collected using an Omega RCT151205A current coil. The power meter
utilizes this information to generate a power output considering phase angle effects.
All data was collected in a repeatable process, and the parameters necessary to compute
the strength profile (i.e., force on the core barrel, rotational velocity (rpm), power, advancement
rate, and fluid pressure) were monitored and collected as isolated variables by a Model BMS16HR53 Titan Mini-Recorder, a computerized data acquisition system from Mars Labs, at a sampling
rate of 128 Hz.
These instruments combined formed a concrete penetrometer capable of recording
simultaneous parameters like power, force, rotational velocity (rpm or radians/sec), advancement
rate, and fluid pressure during the drilling process. The data could then be used to generate the
strength profile of concrete at a specific location. Explanation of the data analysis will be discussed
on Chapter 4.
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Figure 3.3 Concrete penetrometer located on the crease
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Figure 3.4 Concrete penetrometer located on the cover (between creases)
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Figure 3.5 Concrete penetrometer located on the core
24

3.1.1 Power
An electrical power meter was used to measure voltage, current and phase angle
concurrently. Then, the power draw was calculated by multiplying current, voltage, and the cosine
of the phase angle. The major advantage of utilizing this power meter is that no assumptions are
made when determining the phase angle, this provides the precise phase angle needed to calculate
power. The other way of determining power is by calculating torque and multiply it by rotational
velocity (Tw, Nm*radians/sec = Nm/sec). For the purposes of this study, power was determined
via the power meter; torque and rotational velocity were collected as backup data.
3.1.2 Rotational Velocity
Considering the constant pressure applied while drilling, the rate of rotation was expected
to increase or decrease with corresponding changes in concrete strength. Based on this idea,
rotational velocity can be used along with torque to cross-check the power determined by the
power meter. The calibration of rotation was accomplished using the totalizer option on the data
acquisition system (Mobley, 2019) where a set number of revolutions was manually recorded and
compared to the total number of digital pulses recorded. This was necessary due to the pulley
diameter ratio being dependent on the exact depth in each pulley groove where the belt would ride
which was unknown. Instantaneous rotational velocity was then determined by the frequency
option in the data collection system knowing the number of digital pulses per revolution (rpm =
pulses per sec / pulses per revolution).
3.1.3 Pressure
When the core barrel starts penetrating the concrete it creates friction, and heat starts
dissipating. During the coring process water was used as a drilling fluid which acted as a coolant
and removed the cuttings which could not be permitted to bind the core barrel. Binding would be
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misinterpreted as drilling resistance or concrete strength. Additionally, the pressure exerted by the
water pushes upward against the downward force of the pneumatic rams and reduces the net
drilling crowd force. The fluid force was monitored via fluid pressure measurements and was two
orders of magnitude less than the pneumatic ram force. Nevertheless, fluid force effects were
recorded. Continuous pressure monitoring also provided a means to confirm proper coring
procedures were used.
3.1.4 Displacement
Displacement of the core barrel tip was measured by the string line potentiometer; this
transducer was positioned to register the full stroke of the pneumatic cylinders. Similar to pressure,
rotational velocity, and power, displacement was recorded at uniform time increments from which
the drilling rate was computed using the timestamps corresponding with each data point (Mobley,
2019). Figure 3.6 shows the displacement vs time along with crowd, rotational velocity, and power.
3.1.5 Torque
Torque is the rotating force produced by the drill motor. The more torque produced by the
motor, the more power is produced. The power measured by the power meter can be checked using
torque and revolutions per minute converted to radians per second. Torque in this case was
measured with two load cells mounted on opposite sides of the axis of the core barrel rotation at a
fixed distance. Hence, torque was computed using the sum of both load cells and the respective
perpendicular distance to each load cell. Where a single loadcell could be used to resist rotation of
the drill motor, the second load cell provided the equal and opposite reaction ideally removing any
unknown shear forces passing through the central universal joint supporting the entire motor
assembly. Figure 3.7 shows the torque measurements from the two reaction and indicates one of
the cells was providing all restraint for the motor. In this case, the other was not touching.
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Figure 3.6 Shaft specimen # 47 raw data collected from the crease (crowd force, power,
revolution, and displacement)

Figure 3.7 Shaft specimen # 47 raw data collected from the crease (torque)
Raw data traces similar to Figures 3.6 and 3.7 are included in the Appendix A for each of
the shaft specimens.
3.1.6 Machine Controls and Operation
The operation of the concrete strength profiling machine has two basic aspects: Data
Collection and Pneumatic Controls. Data collection is dependent on the acquisition system and the
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associated software and is not discussed. This section focuses on the operation of the machine
pneumatic controls.
As noted earlier, the machine uses two double-acting, 24-inch stroke pneumatic
actuators/rams. Double acting means there are two pressure chambers (2.5-inch diameter) above
and below a sealed piston within the actuator cylinders. The piston is affixed to a small-diameter,
high-strength steel ram which extends out the top of the actuator through an airtight seal. When
pressure is applied to the lower chamber, the rams extend, the lower chamber gets longer (more
air volume) and the upper chamber gets smaller. If the upper chamber is vented to atmospheric
pressure the rams extend without pressurizing the upper chamber and can extend to the fullest
stroke. If the lower chamber is vented and there is sufficient self-weight of the ram to overcome
the piston seals friction, then the rams will collapse/shorten but only if the upper chamber is vented
to the atmosphere to prevent negative pressure (vacuum) which in turn would restrict downward
movement or when the upper chamber is pressurized to increase the downward movement force
(in this case called crowd). So, for the rams to extend or retract a combination of pressurizing and
venting of both chambers must occur to allow full stroke operation.
The pneumatic control panel consists of two pressure regulators marked CROWD
PRESSURE and EXTRACTION PRESSURE. A pressure gage is attached to each regulator which
is shown directly above each in Figure 3.8. The crowd regulator controls pressure to the crowd
control valve directly to the right of the regulator. The crowd control valve is connected in parallel
to the top of both actuators and has three positions: DRILL which pressurizes the top cylinder
chamber, EXTRACT which vents the top chamber to the atmosphere, or OFF to seal the top
chamber.
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The bottom cylinders from both actuators are similarly connected in parallel to the
extraction control valve which is to the right of the EXTRACTION PRESSURE regulator. The
only difference is the DRILL and EXTRACT positions of the extraction control valve have
opposite functions: DRILL vents the bottom chamber to the atmosphere and EXTRACT
pressurizes the top bottom chamber to provide uplift forces; OFF is the same and seals the bottom
chamber. Both control valves were connected and label such that pointing the valves downward
(DRILL position) equates to down movement and pointing the valves upward (EXTRACT
position) moves the drill motor upward. Both valves must be pointing in the same direction to
properly enact the desired action.

Figure 3.8 Crowd pressure and extraction pressure regulators
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Figure 3.9 Mechanical rebar splice and groove located in the baseplate
A quick connect air fitting is also provided for convenient setup using standard compressed air
hose fittings.
3.1.7 Procedure
The coring process was standardized to provide baseline measurements of crowd force,
rpm, power, and displacement prior to making contact with the concrete surface. The
platform/baseplate of the machine was designed with grooves to permit the use of rebar extending
from the specimens to hold down the machine using a short cutoff portion of a mechanical rebar
splice. The slot/groove in the baseplate allowed for fine adjustments in positioning the coring
position (Figure 3.9). The coring procedure was the same used by Mobley in 2019, with the
purpose of obtaining consistent data throughout for all specimens. Once the machine was
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positioned over the point of interest (core, crease, or cover between creases), the mechanical splice
fastener was tightened and four bolts on the corners of the baseplate were adjusted until the core
barrel was normal to the shaft top surface. The following steps were then taken:
1.

Set data acquisition system to scan

2.

Balance transducers

3.

Turn on water

4.

Power core drill

5.

Wait 5 seconds

6.

Begin recording data

7.

Wait 3 seconds

8.

Slowly turn the EXTRACT valve from the “OFF” to the “DRILL” position
allowing the core barrel to come in contact with the concrete surface gently

9.

Turn the CROWD valve from the “OFF” to the “DRILL” position

10.

Monitor transducer readings during drilling operations

11.

Once drilling operations are complete allow the drill to run for an additional 3
seconds

12.

Turn off power

13.

Stop recording data

14.

Carefully, extract core barrel and check for any concrete core pieces in the barrel
prior to setting up at the next drilling location (Mobley, 2019).

All specimens were cored with the concrete strength profiler at each of the three types of
regions discussed. Analysis of the raw data is discussed next in Chapter 4.
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Chapter 4: Analysis
This chapter describes the approach used to analyze the data collected. The method used
was based on the concept of “Energy in rotary drilling” developed by Teale in 1965.
4.1 Specific Energy in Concrete Drilling
Specific energy is a practical variable utilized in rotary drilling. Specific energy is defined
as the work done per unit mass. In the particular case of concrete drilling, the amount of concrete
drilled is reasonably measured by volume since the mass of concrete drilled can mix with the
drilling fluid and is difficult to quantify. Also, the crowd force applied is arranged in a specific
pattern (i.e., circular). Therefore, in concrete drilling, it is reasonable to characterize specific
energy as the work done per unit volume excavated rather than work done per unit mass displaced.
This is a geometrical approach rather than a quantitative approach, convenient for deriving the
equations displayed in the upcoming section (Teale, 1965).
4.1.1 Analysis of Concrete Strength
The instrumentation of the concrete penetrometer enabled the collection of all the
necessary parameters needed to calculate the specific energy (i.e., rotational velocity, torque,
crowd force, and displacement) as established by Teale in 1965. Teale expressed that in rotary
non-percussive drilling operations, work is done by two components (i.e., thrust and torque).
Work done in a minute is determined by the following expression
𝑊 = 𝐹𝑢 + 2𝜋𝑁𝑇, (𝑖𝑛 ∗ 𝑙𝑏)

(4 − 1)
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Dividing work by unit volume per minute (Au) gives specific energy
𝑒=

𝐹
2𝜋 𝑁𝑇
𝑖𝑛 ∗ 𝑙𝑏
+ ( )( ); (
)
𝐴
𝐴
𝑢
𝑖𝑛3

(4 − 2)

Assigning subscripts r and t to rotary and thrust correspondingly
𝐹 𝑖𝑛 ∗ 𝑙𝑏
; (
)
𝐴
𝑖𝑛3

(4 − 3)

2𝜋 𝑁𝑇
𝑖𝑛 ∗ 𝑙𝑏
)( ); (
)
𝐴
𝑢
𝑖𝑛3

(4 − 4)

𝑒𝑡 =
𝑒𝑟 = (

𝑒 = 𝑒𝑡 + 𝑒𝑟 ; (
wherein:

𝑖𝑛 ∗ 𝑙𝑏
)
𝑖𝑛3

(4 − 5)

W = work (lb-in)

e = Specific Energy (psi)
A = Core Bit Area (in2)
F = Crowd Fore (lbs)
u = Penetration Rate (in/min)
T = Torque (lb-in)
N = Rotational Speed (rev/min)
Substituting equations (4 − 3) and (4 − 4) into equation (4 − 5), it yields Teale’s
expression
𝑒=

𝐹
2𝜋 𝑁𝑇
𝑖𝑛 ∗ 𝑙𝑏
+ ( )( ); (
)
𝐴
𝐴
𝑢
𝑖𝑛3

(4 − 2)

Since the concrete penetrometer was able to measure power (P) per unit time directly
𝑃 = 2𝜋𝑁𝑇; (𝑖𝑛 ∗ 𝑙𝑏)

(4 − 6)
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Substituting equations (4 − 6) into equation (4 − 2) Teale’s expression simplifies to
𝑒=

𝐹
𝑃
𝑖𝑛 ∗ 𝑙𝑏
+ ( ); (
)
𝐴
𝐴𝑢
𝑖𝑛3

(4 − 7)

After specific energy was determined, it was used to compute concrete compressive
strength based on an empirical relationship between specific energy, concrete compressive
strength, and penetration rate (Figure 4.1).
𝑓′𝑐 =
wherein:

−𝑏 + √𝑏 2 − 4𝑎𝑒
; (𝑝𝑠𝑖)
2𝑎

(4 − 8)

f’c = Concrete Compressive Strength (psi)
a and b are a function of the penetration rate

.
Figure 4.1 Teale’s penetration rate groupings (40 RPM) (Rodgers, 2016)

34

4.1.2 Coring Results
Raw values of torque, crowd, penetration, etc. were collected at 100 samples per second
and hence computations of concrete strength could be reported at extremely small displacement
intervals. However, that level of resolution is not practical and can result in high noise to signal
ratios. Therefore, compressive strength of concrete was averaged on a per 1/16 of an inch depth
basis. Cores were performed using the fully instrumented concrete penetrometer in three locations
per shaft: in the core region (inside the cage), in the cover between rebar locations, and in the cover
directly behind the rebar (crease region). Figures 4.2, 4.3, and 4.4 show examples three shafts cast
in polymer, bentonite, and water conditions on the same date (i.e., 09/25/2018) using the same
concrete mixture (i.e., self-consolidating concrete). Tables 4.1, 4.2, and 4.3 present the average
strength for the core, crease, and cover locations corresponding to the aforementioned figures.
Similar results were prepared for each of the 51 shafts and are presented in appendix B.
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Figure 4.2 Shaft 54 strength profiles (polymer)

Table 4.1 Shaft 54 compressive strength summary
Shaft 54
Average
Location
Strength
Crease
949.4 psi
Cover
5243.5 psi
Core
5407.6 psi
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Figure 4.3 Shaft 57 strength profiles (bentonite)

Table 4.2 Shaft 57 compressive strength summary
Shaft 57
Average
Location
Strength
Crease
4290.4 psi
Cover
4527.7 psi
Core
5010.3 psi
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Figure 4.4 Shaft 58 strength profiles (water)

Table 4.3 Shaft 58 compressive strength summary
Shaft 58
Average
Location
Strength
Crease
7294.2 psi
Cover
7469.8 psi
Core
7415.1 psi
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4.2 Compressive Strength Test
It was anticipated that the concrete penetrometer-predicted compressive strength would
provide a relative strength between cover and core but that the magnitude of the value would likely
vary from true compressive strength tests. Verification of predicted strength in the cover region
from full-size cores was deemed impossible/impractical and was the primary rationale for the use
of the concrete penetrometer at the onset of the study. However, recovery of full-size cores from
within the reinforcing cage was possible and reasonable. Therefore, compressive strength tests
were performed for all 51 shafts from full-size 4in diameter cores.
4.2.1 Coring, Preparation, and Testing of the 4-inch Diameter Cylinders
Before the compression test, a 4-inch diameter cylinder with a length between 6 and 8
inches was extracted from each shaft core (Figure 4.6). The apparatus used to core the 51
specimens was a drilling motor equipped with a core barrel with diamond bits at the cutting end,
attached to a base. All through the coring process, the core barrel was lubricated with water to
reduce heat growth, prevent fracture in the cylinders and extend the usable life of the core barrel
(Figure 4.5). The base of the apparatus was firmly anchored to the specimen to avoid the bit from
swaying, resulting in unwanted fluctuations in the diameter of the cylinders.
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Figure 4.5 Coring apparatus (4-inch diameter cylinders) during the drilling process
Following the coring process, each cylinder was extracted from its respective shaft (Figure
4.6). Each end was sliced with a concrete saw to obtain the desired length of the cylinders and true
the top and bottom surfaces (Figure 4.7). After the cylinder ends were trued, the exact diameter
and height were measured four times in orthogonal directions and then averaged. The averages
were recorded and used to calculate the compressive strength of each cylinder. The compression
tests were performed on a Materials Test Systems (MTS) universal testing machine (Figure 4.8),
where the peak load recorded for each cylinder was used to calculate the compressive strength as
follows:
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𝑓𝑐𝑜𝑟𝑒 =
wherein:

𝐹
(𝑝𝑠𝑖)
𝐴

(4 − 9)

fcore = Concrete Compressive Strength at time of testing (psi)
F = Maximum Compressive Load
A = Cross sectional Area

Figure 4.6 Cored cylinder being extracted from the shaft 45
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Figure 4.7 Cylinders with top and bottom trued (19 out of 51)

Figure 4.8 Cylinder from shaft 36 in the MTS machine
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Once the compression strengths fcore were calculated, the equivalent in-place strength was
determined using the following equation: (ACI Committee 214, 2003)
(4 − 10)

𝑓𝑐 = 𝐹𝑙/𝑑 𝐹𝑑𝑖𝑎 𝐹𝑚𝑐 𝐹𝑑 𝑓𝑐𝑜𝑟𝑒
wherein:

f c = Equivalent In-place Strength (psi)
Fl/d = Strength Correction Factor (l/d ratio)
Fdia = Strength Correction Factor (core diameter)
Fmc = Strength Correction Factor (core moisture content)
Fd = Strength Correction Factor (damage due to drilling)
fcore = Core Strength

The equivalent in-place core strength is compared with the core compressive strength
obtained using the drilling machine and Teale’s expression in Chapter 5.
Table 4.4 All shafts analysis parameters
Surface
Clear
Viscosity
Roughness Spacing
(sec/qt)
(in3/ft2)
(in)

Core Test
Strength
(psi)

Core
Drilling
Strength
(psi)

Shaft #

Mix

Support
fluid

1

4KDS

PG
Bentonite

44

27.36

8.42

7646.4

5133.1

2

4KDS

PG
Bentonite

105

20.64

8.42

9941.9

5458.2

3

4KDS

PG
Bentonite

40

10.32

8.42

9699.7

4724.6

4

4KDS

PG
Bentonite

55

11.04

8.42

7595.2

4516.6

5

4KDS

PG
Bentonite

90

12.24

8.42

10361.3

4560.7

6

4KDS

Water

26

2.16

8.42

7167.1

4976.1

7

4KDS

PG
Bentonite

30

20.4

8.42

8506.7

4254.2

43

Table 4.4 (Continued)
Viscosit
y
(sec/qt)

Surface
Roughnes
s (in3/ft2)

Clear
Spacin
g (in)

Core Test
Strength
(psi)

Core
Drilling
Strength
(psi)

Shaft #

Mix

Support
fluid

8

4KDS

PG
Bentonite

40

10.08

8.42

8424.5

4640.6

9

4KDS

PG
Bentonite

50

12.24

8.42

7545.2

5929.0

10

4KDS

PG
Bentonite

90

12.24

9.15

7296.2

5620.2

11

4KDS

SP
Polymer

65

3.36

8.42

8457.0

4764.1

12

4KDS

SP
Polymer

66

2.64

8.42

8318.1

4924.9

13

4KDS

PG
Bentonite

30

6.96

8.42

5370.2

4334.7

14

4KDS

PG
Bentonite

30

13.2

8.42

6120.7

4672.8

15

4KDS

PG
Bentonite

56

10.8

8.42

5987.3

5106.9

16

4KDS

SP
Polymer

85

4.8

8.42

6540.9

4335.1

17

4KDS

SP
Polymer

85

3.84

8.42

5626.8

5245.2

18

4KDS

Water

26

2.64

8.42

5954.9

4312.4

19

4KDS

KBI
Polymer

63

2.88

8.42

8613.7

5999.0

20

4KDS

KBI
Polymer

121

2.64

8.42

5534.2

5105.3

21

4KDS

PG
Bentonite

42

18.24

8.42

8477.4

5607.7

22

4KDS

Water

26

1.44

8.42

8199.0

4770.8

23

SCC

Water

26

2.88

8.42

6735.4

3802.5

24

SCC

PG
Bentonite

40

31.2

8.42

2941.5

3792.0
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Table 4.4 (Continued)
Mix

Support
fluid

Viscosity
(sec/qt)

Surface
Roughness
(in3/ft2)

Clear
Spacing
(in)

Core Test
Strength
(psi)

Core
Drilling
Strength
(psi)

26

SCC

Water

26

1.53

7.80

7767.0

4114.9

27

SCC

PG
Bentonite

40

7.47

7.80

7767.5

4780.1

28

SCC

SP
Polymer

90

3.33

7.80

7719.1

3983.8

29

SCC

SP
Polymer

50

5.4

7.80

5918.7

4623.1

31

4KDS

KBI
Polymer

98

1.908

8.42

8895.6

4701.9

32

4KDS

Water

26

1.89

8.42

5484.0

4981.6

33

4KDS

PG
Bentonite

39

7.47

8.42

9401.4

5954.7

36

4KDS

KBI
Polymer

47

3.96

8.42

8863.8

6050.8

37

SCC

Water

26

3.24

8.42

11548.8

7005.1

38

SCC

SP
Polymer

55

5.67

8.42

11932.6

4068.5

39

4KDS

PG
Bentonite

73

5.76

8.42

12090.6

5707.0

40

SCC

PG
Bentonite

41

13.41

8.42

11734.9

5569.0

41

SCC

PG
Bentonite

28

4.59

8.42

12438.8

4758.3
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4KDS

PG
Bentonite

37

7.38

5.94

10586.6

4053.2

45

4KDS

PG
Bentonite

37

7.74

5.28

10688.8

5048.2

46

4KDS

Water

26

2.25

5.28

10983.0

5441.8

47

SCC

Water

26

3.42

9.15

12269.2

3972.8

Shaft
#
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Table 4.4 (Continued)
Mix

Support
fluid

Viscosity
(sec/qt)

Surface
Roughness
(in3/ft2)

Clear
Spacing
(in)

Core Test
Strength
(psi)

Core
Drilling
Strength
(psi)

48

SCC

PG
Bentonite

39

5.85

9.15

11017.7

4507.6

49

SCC

PG
Bentonite

31

3.69

9.15

11465.5

4086.6

50

SCC

SP
Polymer

57

1.17

9.15

12800.6

4052.

51

SCC

SP
Polymer

90

1.35

9.15

11027.6

4357.8

53

4KDS

Matrix
Polymer

49

4.68

8.42

8426.7

8201.6

54

4KDS

Matrix
Polymer

58

3.24

8.42

8044.5

5952.0

55

4KDS

Matrix
Polymer

120

2.79

8.42

8265.1

7838.2

56

4KDS

Matrix
Polymer

85

4.59

8.42

9448.1

8956.1

57

4KDS

PG
Bentonite

40

5.04

8.42

9208.7

5460.4

58

4KDS

Water

26

2.193

8.42

9143.9

7918.7

Shaft
#

PG Bentonite- CETCO Puregold Gel ©
SP Polymer – CETCO Shore Pac ®
KBI Polymer – SlurryPro® CDP ™
Matrix Polymer- Big Foot ®
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Chapter 5: Conclusions
Traditionally, drilled shafts have been analyzed assuming the as-built concrete strength
matches that from cylinders cast at the time of shaft concrete placement. Alternatively, when
cylinders are deemed questionable for any number of reasons, the concrete strength is verified
from 4-inch diameter cores taken from within the reinforcing cage. This value is assumed to
represent the strength throughout the whole cross-section of the shaft and cores are rarely if ever
taken from the cover region.
When the wet method of construction is implemented, the use of drilling fluids causes a
decrease in the concrete strength in the cover region. This phenomenon occurs because concrete
reacts with the drilling fluid during concrete placement, creating a laitance interface that does not
allow concrete to fully encapsulate the reinforcing rebars. This creates a discontinuity in the
concrete along the length of the longitudinal reinforcement, and it extends in the same direction
throughout the cover region (i.e., crease). This can be observed from a cross-sectional view (Figure
2.5). Similarly, this phenomenon also occurs in transverse reinforcement and longitudinal
reinforcement. It was observed in a side view of the shaft where the rebar locations are mapped to
the outside of the shaft (Costello, Mobley, & Mullins, 2018) (Figure 2.6). This chapter presents
the results obtained from this research in conjunction with a further analysis of this effect reflected
on the interaction diagram of a drilled shaft.
5.1 Strength Reduction on the Crease and Cover Regions Compared to the Core Region
At least 3, 1-inch O.D. cores throughout the length of the shafts were performed on each
shaft in the discussed locations (i.e., crease, cover, and core) to obtain instantaneous strength
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profiles. Figures 5.1 and 5.2 display the frequency distribution histogram of the strength ratio of
crease to core locations and the strength ratio of cover to core locations, respectively. These results
will be compared to a series of parameters and presented on graphs in the following sections.

Figure 5.1 Strength ratio of crease to core locations
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Figure 5.2 Strength ratio of cover to core locations
5.1.1 Strength Ratio vs. Clear Spacing
Figures 5.3 and 5.4 display how the strength ratios of crease to core and cover to core differ
when compared to the clear spacing of the rebar cage applied within the 51 shafts. The visual
analysis of the graphs yields no significant correlation between the strength ratio and the clear
spacing, considering that the clear spacings implemented were reasonable compared to the
diameter of the shafts.
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Figure 5.3 Strength ratio of crease to core locations vs. clear spacing for all 51 shafts

Figure 5.4 Strength ratio of cover to core locations vs. clear spacing for all 51 shafts
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5.1.2 Strength Ratio vs. Surface Roughness
In 2013, Bowen demonstrated that there was slurry residue around the concrete where it
makes contact with the soil, between the concrete and the reinforcement cage, and in the crease
regions of the drilled shafts. Thus, providing a passageway between the exterior environment and
the reinforcement steel (Bowen, 2013). In 2019, Mobley performed a highly detailed analysis of
digital scans to quantify the surface roughness of 58 shafts, including the 51 shafts analyzed in this
research. The surface roughness was compared to the strength ratios obtained in this research.
Figures 5.5 and 5.6 display the interaction between the strength ratios of crease and cover locations
to core location and surface roughness. There is no clear relationship between surface roughness
and the decrease of strength in the crease and cover region.

Figure 5.5 Strength ratio of crease to core locations vs. surface roughness for all 51 shafts
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Figure 5.6 Strength ratio of cover to core locations vs. surface roughness for all 51 shafts
5.1.3 Strength Ratio vs. Viscosity
Figures 5.7 and 5.8 display how the strength ratios of crease and cover locations to core
location interact with different viscosity ranges in the case of bentonite and polymer. In the case
of water, the viscosity remains constant. Once again, there is no significant correlation between
the strength ratios and the viscosity of the drilling fluids.
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Figure 5.7 Strength ratio of crease to core locations vs. viscosity for all 51 shafts

Figure 5.8 Strength ratio of cover to core locations vs. viscosity for all 51 shafts
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5.1.4 Strength Ratio vs. Concrete Mix
The 51 shafts used in this study were cast using two different types of concrete mix, 35
shafts were cast using Class IV concrete (4KDS), and 16 shafts were cast using self-consolidating
concrete (SCC) (Mullins, et al., 2020). These are also plotted vs. strength ratios for its respective
shaft in box and whisker plots, where the data is displayed through its distribution in quartiles
(Figures 5.9 and 5.10). The line dividing the box corresponds to the median, the “x” represents the
average, the top of the box represents the upper quartile, and the bottom of the box represents the
bottom quartile; similarly, the top and bottom whiskers represent the upper and lower extremes.
The median and average strength ratios for both types of concrete mix are extremely close in both
cases, not showing any correlation between the strength decrease and the concrete mix used.

Figure 5.9 Strength ratio of crease to core locations vs. concrete mix for all 51 shafts
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Figure 5.10 Strength ratio of cover to core locations vs. concrete mix for all 51 shafts
5.1.5 Strength Ratio vs. Type of Slurry
The shafts used in this study were cast using bentonite as a mineral slurry (23 shafts),
polymer as a synthetic slurry (18 shafts), and water as a natural slurry and control test (10 shafts).
These are plotted vs. the strength ratios as the rest of the parameters in question. The graphs used
are box and whisker displaying the data through its distribution in quartiles (Figures 5.11 and 5.12)
same as the graphs presented above. In this case, there is an indication of a correlation between
the strength ratio and the type of slurry. The strength ratio of crease to core locations shows that
the polymer has a lower average and median than bentonite and water. Bentonite has a slightly
higher average and median than polymer but lower than f’c (determined from the average core
strength from each specimen). The strength ratio of cover to core locations shows that the bentonite
has a lower average and median, than polymer and water. Polymer has an average and median
slightly higher than bentonite but lower than f’c. Water as a control test in both cases shows median
and average close to f’c, but it is noticeable that in the case of the strength ratio of cover to core
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locations, water is skewed towards the side of lower strength on the graph. All strength ratio data
used to develop these graphs are displayed in Appendix D.

Figure 5.11 Strength ratio of crease to core locations vs. type of slurry for all 51 shafts
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Figure 5.12 Strength ratio of cover to core locations vs. type of slurry for all 51 shafts
5.1.6 Normal Distribution
Shafts cast in bentonite showed the crease had 82.3% of the shafts with a strength lower
than f’c, and 84.8% had a strength lower than f’c in the cover (Figure 5.13). Shafts cast in polymer
showed the crease had 85.5% of the shafts with a strength lower than f’c, and 82.5% had a strength
lower than f’c in the cover (Figure 5.14). Shafts cast in water showed the crease had 55.3% of the
shafts with a strength lower than f’c, and 66.1% had a strength lower than f’c in the cover (Figure
5.15). Finally, an analysis of all the shafts shows that 76.8% had a strength lower than f’c in the
crease, and 75% had a strength lower than f’c in the cover (Figure 5.16). The crease region
generally shows that shafts cast in polymer had a more considerable decrease in strength than
shafts cast in bentonite. On the other hand, in the cover region, shafts cast in bentonite had a more
significant reduction in strength than shafts cast in polymer. It is important to note that despite the
strength decrease in the crease region being smaller than in the cover, the area on the cover is more
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significant, and it could have a greater repercussion on the shaft strength. This is discussed in the
next section.

Figure 5.13 Normal distribution analysis for shafts cast in bentonite

Figure 5.14 Normal distribution analysis for shafts cast in polymer
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Figure 5.15 Normal distribution analysis for shafts cast in water

Figure 5.16 Normal distribution analysis for all shafts
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5.2 Stress and Strength Results
Interaction diagrams are failure envelopes used to show the superposition of bending and
axial stress from different types of loadings. When the actual load and bending moment fall within
the envelope, the structure is safe. Traditionally, the American Concrete Institute (ACI)
recommends using specific failure modes similar to the ones shown in Figure 5.17 to create
interaction diagrams. Also, the ACI approach limits the calculations to the stress and strain of the
steel yield point. In this study, the approach taken analyzes more strain distributions than the ones
recommended by ACI; to have a more fitted curve, also values of stress and strain of steel are
beyond the steel yield point (Figure 5.18). A series of strain distributions (far more than shown in
Figure 5.17) were used to determine the sum of the forces and the sum of the moments acting about
the centroid of the cross-section. These forces and moments correlate to a single point on the
interaction diagram (envelope) and were developed for each type of slurry, showing the effect each
type of slurry has on a drilled shaft strength.

Figure 5.17 Strain profile for different failure modes
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Figure 5.18 Stress vs. strain curve for mild steel
5.2.1 Uniform Compression
At the point of uniform compression, the entire cross-section is under compression, and
the slope of the strain / depth line is infinity, also known as pure compression. Under these
circumstances, the worst-case scenario occurs to the compressive stress with no bending stress
when the strength ratios are applied. Figures 5.19 and 5.20 display the compression block of the
three different types of slurry. Also, note how the compression block should look without any
reduction (i.e., f’c). In all cases, the strength at any depth along the cross section of the shaft was
determined by the prorated strength average of a small slice of shaft that runs across the shaft. At
the top and bottom, the slice is in entirely in the cover; as the slices move inside the cage the area
of cover relative to core becomes progressively less and the prorated average more closely aligns
with the concrete strength within the cage. In Figure 5.19, the compression stress was calculated
by applying the average strength ratio of cover to core obtained in this study to the cover region.
Similarly, Figure 5.20 shows the worst case compression block for the three types of slurry used
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and f’c, where the minimum strength ratio of cover to core obtained in this study was applied to
the entire cover region. As the cover is actually a combination of crease to core and cover to core
values, the true compression block would be slightly worse than shown in Figure 5.20 to account
for the fraction of crease area relative to entire cover area. The value of f’c was taken to be the
design strength of 4000 psi for a typical FDOT Class IV shaft mix.

Figure 5.19 Uniform compression for average values of cover to core strength ratio
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.
Figure 5.20 Uniform compression for minimum values of cover to core strength ratio
5.2.2 Interaction Diagram
Interaction diagrams were prepared as described at the beginning of section 5.2. the
percentage of steel used for the calculations was 1.03 %, a total of 18, #8 bars, 6-inch of cover, 42inch diameter, and a clear spacing of 6.3-inch (Figure 2.5). Figure 5.21 shows the interaction
diagram for the three scenarios where the three different types of slurry were used. The average
strength ratio of cover to core obtained in this study was applied to the cover region. Figure 5.22
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shows the interaction diagram for when the minimum strength ratio of cover to core obtained in
this study was applied to the entire cover region. Again, the true interaction diagram would be
slightly worse than Figure 5.22 to account for the reduction in overall cover strength including the
low crease to core values.

Figure 5.21 Interaction diagram for average strength ratio of cover to core
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Figure 5.22 Interaction diagram for minimum strength ratio of cover to core
5.2.3 Normalization of the Strength Obtained from the Coring Machine
Figure 5.23 shows the values of the 4-inch diameter core compressive strength obtained in
the compression tests performed with the MTS machine (Figure 4.8) vs. the compressive strength
obtained using the coring machine. The values obtained in the compression test are larger than the
values predicted by the coring machine. The predicted values were normalized by a factor of 1.682
and plotted again vs. corresponding values from the compression test performed on the MTS
machine (Figure 5.24). This normalization shows a more evenly distributed data set (Figure 5.25).
Finally, a two-tailed t-Test for unequal variance was performed to confirm the result of the
normalization (Table 5.1). The t-Test was performed with a 0.05 level of significance; the t critical
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values are -1.984467455 and 1.984467455, and the t statistic is 3.19314E-05, which falls in
between the t critical values (the non-rejection region). Thus, do not reject H0, the mean difference
is 0, and there is no evidence of a difference between the two data sets (i.e., core compression test
strength and core drilling compressive strength normalized) (Table 5.2).

Figure 5.23 Compressive strengths comparison before normalization

Figure 5.24 Compressive strengths comparison after normalization
66

Table 5.1 Two-tailed t-Test output parameters
t-Test: Two-Sample Assuming
Coring Normalize
Core Compression
Unequal Variances
(psi)
Test Strength (psi)
Mean
8666.678523
8666.665413
Variance
3703252.874
4893091.37
Observations
51
51
Hypothesized Mean Difference
0
df
98
t Stat
3.19314E-05
P(T<=t) one-tail
0.499987294
t Critical one-tail
1.660551217
P(T<=t) two-tail
0.999974587
t Critical two-tail
1.984467455

Figure 5.25 Normal distribution analysis for the different types of coring implemented
(compression test strength and core drilling compressive strength normalized).
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Table 5.2 Core compressive strength before and after normalization
Core
Core
Core
Drilling
Compression
Drilling
Shaft
Compressive
Test
Compressive
#
Strength
Strength
Strength
Normalized
(psi)
(psi)
(psi)
1
7524.9
5133.1
8635.5
2
9770.1
5458.2
9182.5
3
9532.1
4724.6
7948.3
4
7466.7
4516.6
7598.5
5
10182.4
4560.7
7672.6
6
7049.5
4976.1
8371.4
7
8364.2
4254.2
7156.9
8
8281.5
4640.6
7807.0
9
7417.4
5929.0
9974.4
10
7170.1
5620.2
9455.0
11
8310.7
4764.1
8014.8
12
8178.3
4924.9
8285.2
13
5277.7
4334.7
7292.3
14
6016.8
4672.8
7861.1
15
5884.4
5106.9
8591.4
16
6429.4
4335.1
7293.0
17
5531.8
5245.2
8824.1
18
5851.9
4312.4
7254.8
19
8471.0
5999.0
10092.3
20
5441.1
5105.3
8588.8
21
8330.8
5607.7
9433.9
22
8062.4
4770.8
8026.0
23
6619.0
3802.5
6397.1
24
2890.6
3792.0
6379.4
26
7637.5
4114.9
6922.5
27
7633.4
4780.1
8041.7
28
7585.6
3983.8
6702.1
29
5816.8
4623.1
7777.6
31
8743.1
4701.9
7910.1
32
5394.3
4981.6
8380.6
33
9238.8
5954.7
10017.6
36
8714.1
6050.8
10179.3
37
11349.1
7005.1
11784.8
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Table 5.2 (Continued)

Shaft
#

38
39
40
41
43
45
46
47
48
49
50
51
53
54
55
56
57
58

Core
Core
Core
Drilling
Compression
Drilling
Compressive
Test
Compressive
Strength
Strength
Strength
Normalized
(psi)
(psi)
(psi)
11726.3
4068.5
6844.5
11892.3
5707.0
9601.1
11533.5
5569.0
9368.8
12223.7
4758.3
8004.9
10403.7
4053.2
6818.8
10508.9
5048.2
8492.7
10793.6
5441.8
9154.8
12061.3
3972.8
6683.5
10834.3
4507.6
7583.2
11268.8
4086.6
6874.9
12585.3
4052.3
6817.3
10839.9
4357.8
7331.2
8281.0
8201.6
13797.8
7908.5
5952.0
10013.2
8122.2
7838.2
13186.3
9373.3
8956.1
15067.1
9141.9
5460.4
9186.2
8986.1
7918.7
13321.7

5.3 Future Work
The data scatter in Figures 5.23 and 5.24 may be the result of another variable noted by
Teale. The specific energy to strength was based on the fastest penetration rate cited of 0.8-in/min.
Inspection of Figure 4.1 shows an increase in compressive strength with increased penetration rate.
The average penetration rate (per shaft) obtained using the concrete penetrometer ranged between
1.39-in/min and 3.25-in/min per shaft. Therefore, where almost all predicted strengths were lower
than actual and all penetration rates were higher than 0.8-in/min, the scatter is likely to be
significantly reduced if Teale’s expression can be updated to reflect higher penetration rates.
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Appendix A: Raw Data
This appendix displays the raw data collected from the 51 shafts studied. It is important to
note that torque was collected as backup data to determine power, and torque was not collected
from the first 30 shafts cored.

Figure A.1 Shaft 1 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.2 Shaft 1 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.3 Shaft 1 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.4 Shaft 2 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.5 Shaft 2 raw data collected from the crease (torque)
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Figure A.6 Shaft 2 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.7 Shaft 2 raw data collected from the cover (torque)
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Figure A.8 Shaft 2 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.9 Shaft 2 raw data collected from the core (torque)
76

Figure A.10 Shaft 3 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.11 Shaft 3 raw data collected from the cover (crowd force, power, revolution, and
displacement
77

Figure A.12 Shaft 3 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.13 Shaft 4 raw data collected from the crease (crowd force, power, revolution, and
displacement)
78

Figure A.14 Shaft 4 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.15 Shaft 4 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.16 Shaft 5 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.17 Shaft 5 raw data collected from the cover (crowd force, power, revolution, and
displacement)
80

Figure A.18 Shaft 5 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.19 Shaft 6 raw data collected from the crease (crowd force, power, revolution, and
displacement)
81

Figure A.20 Shaft 6 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.21 Shaft 6 raw data collected from the core (crowd force, power, revolution, and
displacement)
82

Figure A.22 Shaft 7 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.23 Shaft 7 raw data collected from the cover (crowd force, power, revolution, and
displacement)
83

Figure A.24 Shaft 7 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.25 Shaft 8 raw data collected from the crease (crowd force, power, revolution, and
displacement)
84

Figure A.26 Shaft 8 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.27 Shaft 8 raw data collected from the core (crowd force, power, revolution, and
displacement)
85

Figure A.28 Shaft 9 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.29 Shaft 9 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.30 Shaft 9 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.31 Shaft 10 raw data collected from the crease (crowd force, power, revolution, and
displacement)
87

Figure A.32 Shaft 10 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.33 Shaft 10 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.34 Shaft 11 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.35 Shaft 11 raw data collected from the cover (crowd force, power, revolution, and
displacement)
89

Figure A.36 Shaft 11 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.37 Shaft 12 raw data collected from the crease (crowd force, power, revolution, and
displacement)
90

Figure A.38 Shaft 12 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.39 Shaft 12 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.40 Shaft 13 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.41 Shaft 13 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.42 Shaft 13 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.43 Shaft 14 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.44 Shaft 14 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.45 Shaft 14 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.46 Shaft 15 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.47 Shaft 15 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.48 Shaft 15 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.49 Shaft 16 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.50 Shaft 16 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.51 Shaft 16 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.52 Shaft 17 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.53 Shaft 17 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.54 Shaft 17 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.55 Shaft 18 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.56 Shaft 18 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.57 Shaft 18 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.58 Shaft 19 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.59 Shaft 19 raw data collected from the cover (crowd force, power, revolution, and
displacement)
101

Figure A.60 Shaft 19 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.61 Shaft 20 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.62 Shaft 20 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.63 Shaft 20 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.64 Shaft 21 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.65 Shaft 21 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.66 Shaft 21 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.67 Shaft 22 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.68 Shaft 22 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.69 Shaft 22 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.70 Shaft 23 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.71 Shaft 23 raw data collected from the cover (crowd force, power, revolution, and
displacement)
107

Figure A.72 Shaft 23 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.73 Shaft 24 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.74 Shaft 24 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.75 Shaft 24 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.76 Shaft 26 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.77 Shaft 26 raw data collected from the cover (crowd force, power, revolution, and
displacement)
110

Figure A.78 Shaft 26 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.79 Shaft 27 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.80 Shaft 27 raw data collected from the crease (torque)

Figure A.81 Shaft 27 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.82 Shaft 27 raw data collected from the cover (torque)

Figure A.83 Shaft 27 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.84 Shaft 27 raw data collected from the core (torque)

Figure A.85 Shaft 28 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.86 Shaft 28 raw data collected from the crease (torque)

Figure A.87 Shaft 28 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.88 Shaft 28 raw data collected from the cover (torque)

Figure A.89 Shaft 28 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.90 Shaft 28 raw data collected from the core (torque)

Figure A.91 Shaft 29 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.92 Shaft 29 raw data collected from the crease (torque)

Figure A.93 Shaft 29 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.94 Shaft 29 raw data collected from the cover (torque)

Figure A.95 Shaft 29 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.96 Shaft 29 raw data collected from the core (torque)

Figure A.97 Shaft 31 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.98 Shaft 31 raw data collected from the crease (torque)

Figure A.99 Shaft 31 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.100 Shaft 31 raw data collected from the cover (torque)

Figure A.101 Shaft 31 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.102 Shaft 31 raw data collected from the core (torque)

Figure A.103 Shaft 32 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.104 Shaft 32 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.105 Shaft 32 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.106 Shaft 33 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.107 Shaft 33 raw data collected from the crease (torque)
125

Figure A.108 Shaft 33 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.109 Shaft 33 raw data collected from the cover (torque)
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Figure A.110 Shaft 33 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.111 Shaft 33 raw data collected from the core (torque)
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Figure A.112 Shaft 36 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.113 Shaft 36 raw data collected from the crease (torque)
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Figure A.114 Shaft 36 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.115 Shaft 36 raw data collected from the cover (torque)
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Figure A.116 Shaft 36 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.117 Shaft 36 raw data collected from the core (torque)
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Figure A.118 Shaft 37 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.119 Shaft 37 raw data collected from the crease (torque)
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Figure A.120 Shaft 37 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.121 Shaft 37 raw data collected from the cover (torque)
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Figure A.122 Shaft 37 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.123 Shaft 37 raw data collected from the core (torque)
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Figure A.124 Shaft 38 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.125 Shaft 38 raw data collected from the crease (torque)
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Figure A.126 Shaft 38 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.127 Shaft 38 raw data collected from the cover (torque)
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Figure A.128 Shaft 38 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.129 Shaft 38 raw data collected from the core (torque)
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Figure A.130 Shaft 39 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.131 Shaft 39 raw data collected from the crease (torque)
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Figure A.132 Shaft 39 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.133 Shaft 39 raw data collected from the cover (torque)
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Figure A.134 Shaft 39 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.135 Shaft 39 raw data collected from the core (torque)
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Figure A.136 Shaft 40 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.137 Shaft 40 raw data collected from the crease (torque)
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Figure A.138 Shaft 40 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.139 Shaft 40 raw data collected from the cover (torque)
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Figure A.140 Shaft 40 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.141 Shaft 40 raw data collected from the core (torque)
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Figure A.142 Shaft 41 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.143 Shaft 41 raw data collected from the crease (torque)
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Figure A.144 Shaft 41 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.145 Shaft 41 raw data collected from the cover (torque)
144

Figure A.146 Shaft 41 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.147 Shaft 41 raw data collected from the core (torque)
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Figure A.148 Shaft 43 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.149 Shaft 43 raw data collected from the crease (torque)
146

Figure A.150 Shaft 43 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.151 Shaft 43 raw data collected from the cover (torque)
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Figure A.152 Shaft 43 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.153 Shaft 43 raw data collected from the core (torque)
148

Figure A.154 Shaft 45 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.155 Shaft 45 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.156 Shaft 45 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.157 Shaft 46 raw data collected from the crease (crowd force, power, revolution, and
displacement)
150

Figure A.158 Shaft 46 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.159 Shaft 46 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.160 Shaft 47 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.161 Shaft 47 raw data collected from the crease (torque)
152

Figure A.162 Shaft 47 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.163 Shaft 47 raw data collected from the cover (torque)
153

Figure A.164 Shaft 47 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.165 Shaft 47 raw data collected from the core (torque)
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Figure A.166 Shaft 48 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.167 Shaft 48 raw data collected from the crease (torque)
155

Figure A.168 Shaft 48 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.169 Shaft 48 raw data collected from the cover (torque)
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Figure A.170 Shaft 48 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.171 Shaft 48 raw data collected from the core (torque)
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Figure A.172 Shaft 49 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.173 Shaft 49 raw data collected from the crease (torque)
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Figure A.174 Shaft 49 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.175 Shaft 49 raw data collected from the cover (torque)
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Figure A.176 Shaft 49 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.177 Shaft 49 raw data collected from the core (torque)
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Figure A.178 Shaft 50 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.179 Shaft 50 raw data collected from the cover (crowd force, power, revolution, and
displacement)
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Figure A.180 Shaft 50 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.181 Shaft 51 raw data collected from the crease (crowd force, power, revolution, and
displacement)
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Figure A.182 Shaft 51 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.183 Shaft 51 raw data collected from the core (crowd force, power, revolution, and
displacement)
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Figure A.184 Shaft 53 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.185 Shaft 53 raw data collected from the crease (torque)
164

Figure A.186 Shaft 53 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.187 Shaft 53 raw data collected from the cover (torque)
165

Figure A.188 Shaft 53 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.189 Shaft 53 raw data collected from the core (torque)
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Figure A.190 Shaft 54 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.191 Shaft 54 raw data collected from the crease (torque)
167

Figure A.192 Shaft 54 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.193 Shaft 54 raw data collected from the cover (torque)
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Figure A.194 Shaft 54 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.195 Shaft 54 raw data collected from the core (torque)
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Figure A.196 Shaft 55 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.197 Shaft 55 raw data collected from the crease (torque)
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Figure A.198 Shaft 55 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.199 Shaft 55 raw data collected from the cover (torque)
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Figure A.200 Shaft 55 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.201 Shaft 55 raw data collected from the core (torque)
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Figure A.202 Shaft 56 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.203 Shaft 56 raw data collected from the crease (torque)
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Figure A.204 Shaft 56 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.205 Shaft 56 raw data collected from the cover (torque)
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Figure A.206 Shaft 56 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.207 Shaft 56 raw data collected from the core (torque)
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Figure A.208 Shaft 57 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.209 Shaft 57 raw data collected from the crease (torque)
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Figure A.210 Shaft 57 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.211 Shaft 57 raw data collected from the cover (torque)
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Figure A.212 Shaft 57 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.213 Shaft 57 raw data collected from the core (torque)
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Figure A.214 Shaft 58 raw data collected from the crease (crowd force, power, revolution, and
displacement)

Figure A.215 Shaft 58 raw data collected from the crease (torque)
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Figure A.216 Shaft 58 raw data collected from the cover (crowd force, power, revolution, and
displacement)

Figure A.217 Shaft 58 raw data collected from the cover (torque)
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Figure A.218 Shaft 58 raw data collected from the core (crowd force, power, revolution, and
displacement)

Figure A.219 Shaft 58 raw data collected from the core (torque)
181

Appendix B: Processed Data

Figure B.1 Shaft 1 strength profile
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Figure B.2 Shaft 2 strength profile

183

Figure B.3 Shaft 3 strength profile

184

Figure B.4 Shaft 4 strength profile

185

Figure B.5 Shaft 5 strength profile
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Figure B.6 Shaft 6 strength profile
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Figure B.7 Shaft 7 strength profile
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Figure B.8 Shaft 8 strength profile
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Figure B.9 Shaft 9 strength profile
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Figure B.10 Shaft 10 strength profile

191

Figure B.11 Shaft 11 strength profile
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Figure B.12 Shaft 12 strength profile
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Figure B.13 Shaft 13 strength profile
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Figure B.14 Shaft 14 strength profile
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Figure B.15 Shaft 15 strength profile
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Figure B.16 Shaft 16 strength profile
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Figure B.17 Shaft 17 strength profile
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Figure B.18 Shaft 18 strength profile
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Figure B.19 Shaft 19 strength profile
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Figure B.20 Shaft 20 strength profile
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Figure B.21 Shaft 21 strength profile
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Figure B.22 Shaft 22 strength profile
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Figure B.23 Shaft 23 strength profile
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Figure B.24 Shaft 24 strength profile
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Figure B.25 Shaft 26 strength profile
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Figure B.26 Shaft 27 strength profile
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Figure B.27 Shaft 28 strength profile
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Figure B.28 Shaft 29 strength profile
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Figure B.29 Shaft 31 strength profile
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Figure B.30 Shaft 32 strength profile
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Figure B.31 Shaft 33 strength profile
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Figure B.32 Shaft 36 strength profile

213

Figure B.33 Shaft 37 strength profile
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Figure B.34 Shaft 38 strength profile

215

Figure B.35 Shaft 39 strength profile

216

Figure B.36 Shaft 40 strength profile

217

Figure B.37 Shaft 41 strength profile
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Figure B.38 Shaft 43 strength profile

219

Figure B.39 Shaft 45 strength profile
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Figure B.40 Shaft 46 strength profile
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Figure B.41 Shaft 47 strength profile
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Figure B.42 Shaft 48 strength profile
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Figure B.43 Shaft 49 strength profile
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Figure B.44 Shaft 50 strength profile
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Figure B.45 Shaft 51 strength profile
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Figure B.46 Shaft 53 strength profile
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Figure B.47 Shaft 54 strength profile
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Figure B.48 Shaft 55 strength profile
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Figure B.49 Shaft 56 strength profile
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Figure B.50 Shaft 57 strength profile

231

Figure B.51 Shaft 58 strength profile
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Appendix C: Cylinders Dimensions and Compressive Loads
Table C.1 4-inch cylinders parameters
Diameter Length Compression
Shaft #
(in)
(in)
Load (kip)
1
4.10
7.75
99.2
2
4.00
7.97
122.9
3
4.05
8.14
122.9
4
3.99
7.76
93.4
5
4.00
7.94
128.1
6
3.99
8.32
88.1
7
3.99
7.71
104.6
8
3.99
8.18
103.3
9
3.99
8.20
92.9
10
4.10
8.23
94.5
11
3.97
7.93
103.0
12
3.99
8.23
102.2
13
4.06
8.02
68.2
14
4.08
7.96
78.8
15
3.98
7.85
73.4
16
3.98
8.15
80.2
17
3.99
8.20
69.
18
3.99
7.95
73.0
19
3.99
7.66
105.8
20
3.99
8.22
67.9
21
4.02
8.03
105.7
22
3.97
7.65
99.8
23
4.02
8.06
84.1
24
3.98
7.96
36.0
26
3.99
8.26
95.3
27
4.02
7.97
96.7
28
4.00
8.00
95.3
29
4.00
7.91
73.1
31
4.03
7.92
111.8
32
4.10
7.83
71.1
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Shaft #
33
36
37
38
39
40
41
43
45
46
47
48
49
50
51
53
54
55
56
57
58

Table C.1 (Continued)
Diameter Length Compression
(in)
(in)
Load (kip)
3.98
7.98
114.8
4.10
7.95
114.9
3.99
7.96
141.7
4.06
8.09
152.2
4.03
7.70
151.9
4.09
8.05
151.8
4.00
7.98
153.9
4.03
8.01
133.0
3.99
8.23
131.1
3.99
8.05
134.6
4.07
7.90
156.5
4.06
7.82
140.5
4.07
7.99
146.3
3.98
8.24
156.9
4.09
7.98
142.5
3.99
7.96
103.8
4.08
7.93
103.6
3.99
7.95
101.8
4.06
6.96
124.1
4.09
6.97
122.9
4.03
8.00
114.9
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Appendix D: Strength Ratios

Table D.1 Strength ratios for shafts cast in bentonite
Ratio of
Ratio of
Core
Viscosity
Crease to
Cover to
Strength
Shaft #
Core
Core
Strength
Strength
(sec)
(psi)
1
44
4687.9
0.82
0.74
2
105
4932.4
1.06
0.99
3
40
4296.0
0.86
1.03
4
55
4268.0
1.06
1.01
5
90
5022.7
0.61
0.82
7
30
3796.7
0.76
1.07
8
40
4532.3
0.88
0.91
9
90
5627.0
0.74
0.67
10
50
5142.0
0.77
0.76
13
30
3814.7
0.93
0.94
14
30
4511.9
0.68
0.90
15
56
4742.0
1.05
0.90
21
40
5092.2
0.73
0.81
24
40
3285.8
0.85
0.73
27
41
4118.9
0.98
0.78
33
39
4962.6
0.90
0.86
40
41
4460.1
1.00
0.88
41
28
3849.8
0.53
0.74
43
37
3670.1
1.18
1.14
45
37
4847.1
0.83
0.84
48
39
4147.9
0.53
0.88
49
31
4156.3
0.88
0.95
57
40
5010.3
0.86
0.90
Average
46.65
4477.2
0.85
0.88
Minimum
28
3285.8
0.53
0.67
Standard deviation
559.716
0.164
0.115
Coefficient of variation
0.125
0.194
0.131
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Table D.2 Strength ratios for shafts cast in polymer

(psi)

Ratio of
Crease to
Core
Strength

Ratio of
Cover to
Core
Strength

4220.0
5976.3
4045.3
4742.0
5739.0
4719.9
3715.5
4344.6
4334.2
5532.1
3598.8
5205.9
3845.2
4008.9
7794.1
5407.6
7325.8
8808.4
5186.9
3598.8
1444.322
0.278

1.04
0.77
0.87
0.84
0.84
0.76
0.56
0.86
0.95
0.59
0.79
0.87
1.04
0.62
0.84
0.18
0.93
0.86
0.79
0.18
0.197
0.250

1.06
0.96
0.89
0.83
0.86
0.96
0.97
0.82
0.92
0.83
1.05
0.85
0.95
0.86
0.96
0.97
0.97
0.62
0.91
0.62
0.099
0.109

Viscosity

Core
Strength

(sec)

Shaft #

11
65
12
66
16
85
17
85
19
60
20
121
28
59
29
46
31
98
36
47
38
55
39
73
50
57
51
90
53
49
54
58
55
120
56
85
Average
73
Minimum
46
Standard deviation
Coefficient of variation
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Table D.3 Strength ratios for shafts cast in water
Shaft #

Viscosity

(sec)
6
26
18
26
22
26
23
26
26
26
32
26
37
26
46
26
47
26
58
26
Average
26
Minimum
26
Standard deviation
Coefficient of variation

Core
Strength
(psi)
4752.0
3957.3
4597.6
3449.7
3610.9
4956.7
6348.4
5341.3
3365.2
7415.1
4779.4
3365.2
1248.953
0.261

Ratio of
Ratio of
Crease to
Cover to
Core Strength Core Strength
0.85
0.84
0.68
1.34
0.98
1.15
0.98
0.86
1.13
0.98
0.98
0.68
0.181
0.184

0.86
1.12
1.02
1.02
0.95
0.71
1.00
0.85
1.01
1.01
0.95
0.71
0.111
0.116
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Appendix E: Interaction Diagrams
The interaction diagrams were computed without the use of strain reigns and strength
reduction factors. Values of stress and strain for steel were not limited to the yield point of steel.
To obtain interaction diagrams that represent the true equivalent strength for all strain values.
Values beyond the yield point of mild steel were used (Figure 5.18). The stress-strain relation for
concrete used was the numerical approach developed by Popovics in 1973

𝑓𝑐 = 𝑓0

wherein:

𝜀
𝑛𝜀

0

𝜀 𝑛
𝑛 − 1 + (𝜀 )
0

(𝐸 − 1)

𝑛𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 0.4 ∗ 10−3 𝑓0 + 1

(𝐸 − 2)

𝑛𝑚𝑜𝑟𝑡𝑎𝑟 = 0.15 ∗ 10−3 𝑓0 + 1.5

(𝐸 − 3)

𝑛𝑝𝑎𝑠𝑡𝑒 = 12

(𝐸 − 4)

f0 = Ultimate Concrete Stress
f c = Axial Concrete Stress

ε0 = Unit Strain in Concrete at Ultimate Stress
ε = Unit Strain in Concrete at a Given Stress (f c)
n = Expression Based on Concrete Ultimate Stress
After the stress was calculated for the related strain, the strength ratios were applied to the
stress on the cover region. The cross-section was divided in depth intervals of 1000th of an inch to
calculate the area of each cross-section interval and then multiply it by the related stress to get a
compressive force for the concrete in the section. Similarly, the force in steel was calculated by
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multiplying the cross-sectional area of the steel by the corresponding stress at a given strain. The
steel rebars that were below the compression block were accounted as tensile stress. The nominal
axial load capacity (Pn) for the given strain distribution (Figure E.1) is the summation of all the
axial forces. The nominal moment capacity (Mn) for the given strain distribution is the summation
of the moment of all the internal forces about the centroid of the cross-section. Each value then
would be use to create a coordinate (Mn;Pn) that form part of the interaction diagrams (Figures
5.21, and 5.22). Several strain distributions were assumed, starting at zero depth of the
compression block and ending at a depth of the compression block close to infinity (Figure E.1).
Each stain distribution yields a coordinate then used to plot the interaction diagrams.

Figure E.1 Cross-section and strain distribution for balanced failure mode
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Figure E.2 Stress block for balanced failure mode and minimum strength ratio of cover to core
(bentonite)
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Figure E.3 Stress block for balanced failure mode and minimum strength ratio of cover to core
(polymer)
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Figure E.4 Stress block for balanced failure mode and minimum strength ratio of cover to core
(water)
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Figure E.5 Stress block for balanced failure mode and minimum strength ratio of cover to core
(dry)
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Appendix F: Shafts Identification

Figure F.1 Shaft 1 (Mobley, 2019)

Figure F.2 Shaft 2 (Mobley, 2019)
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Figure F.3 Shaft 3 (Mobley, 2019)

Figure F.4 Shaft 4 (Mobley, 2019)
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Figure F.5 Shaft 5 (Mobley, 2019)

Figure F.6 Shaft 6 (Mobley, 2019)
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Figure F.7 Shaft 7 (Mobley, 2019)

Figure F.8 Shaft 8 (Mobley, 2019)
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Figure F.9 Shaft 9 (Mobley, 2019)

Figure F.10 Shaft 10 (Mobley, 2019)
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Figure F.11 Shaft 11 (Mobley, 2019)

Figure F.12 Shaft 12 (Mobley, 2019)
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Figure F.13 Shaft 13 (Mobley, 2019)

Figure F.14 Shaft 14 (Mobley, 2019)
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Figure F.15 Shaft 15 (Mobley, 2019)

Figure F.16 Shaft 16 (Mobley, 2019)
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Figure F.17 Shaft 17 (Mobley, 2019)

Figure F.18 Shaft 18 (Mobley, 2019)
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Figure F.19 Shaft 19 (Mobley, 2019)

Figure F.20 Shaft 20 (Mobley, 2019)
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Figure F.21 Shaft 21 (Mobley, 2019)

Figure F.22 Shaft 22 (Mobley, 2019)
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Figure F.23 Shaft 23 (Mobley, 2019)

Figure F.24 Shaft 24 (Mobley, 2019)
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Figure F.25 Shaft 26 (Mobley, 2019)

Figure F.26 Shaft 27 (Mobley, 2019)
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Figure F.27 Shaft 28 (Mobley, 2019)

Figure F.28 Shaft 29 (Mobley, 2019)
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Figure F.29 Shaft 31 (Mobley, 2019)

Figure F.30 Shaft 32 (Mobley, 2019)
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Figure F.31 Shaft 33 (Mobley, 2019)

Figure F.32 Shaft 36 (Mobley, 2019)
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Figure F.33 Shaft 37 (Mobley, 2019)

Figure F.34 Shaft 38 (Mobley, 2019)
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Figure F.35 Shaft 39 (Mobley, 2019)

Figure F.36 Shaft 40 (Mobley, 2019)
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Figure F.37 Shaft 41 (Mobley, 2019)

Figure F.38 Shaft 43 (Mobley, 2019)

262

Figure F.39 Shaft 45 (Mobley, 2019)

Figure F.40 Shaft 46 (Mobley, 2019)

263

Figure F.41 Shaft 47 (Mobley, 2019)

Figure F.42 Shaft 48 (Mobley, 2019)

264

Figure F.43 Shaft 49 (Mobley, 2019)

Figure F.44 Shaft 50 (Mobley, 2019)
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Figure F.45 Shaft 51 (Mobley, 2019)

Figure F.46 Shaft 53 (Mobley, 2019)
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Figure F.47 Shaft 54 (Mobley, 2019)

Figure F.48 Shaft 55 (Mobley, 2019)
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Figure F.49 Shaft 56 (Mobley, 2019)

Figure F.50 Shaft 57 (Mobley, 2019)
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Figure F.51 Shaft 58 (Mobley, 2019)
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Appendix G: Copyright Permission
The permission below is for the use of material in Chapter 3 and Appendix F.
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The permission below is for the use of material in Chapter 2.
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